Abstract-we present broadband supercontinuum (SC) generation in highly nonlinear photonics crystal fiber (PCF) using femtosecond carbon-nanotube (CNT)-based passively mode-locked erbium-doped fiber laser (EDFL). The erbium-doped passively mode-locked fiber laser incorporating CNT-based saturable absorber has achieved a pulse width of 620 fs with a repetition rate of 18 MHz at a centre wavelength of 1565 nm. An SC covering an optical spectrum from 1100 nm to 2100 nm has been generated successfully by launching the amplified femtosecond pulse into the PCF.
INTRODUCTION
Super-continuum (SC) generation in optical fibers is an efficient way to realise the broadband optical sources for optical communication applications, spectroscopy, microscopy and chemical sensing [1] . SC generation is possible because of the new frequencies generation capability nonlinear fibers at high input powers through the nonlinear processes such as self-phase modulation (SPM), crossphase modulation (XPM), four wave mixing (FWM) and Raman scattering [2] . Highly nonlinear photonics crystal fiber (PCF) is one such kind of nonlinear fiber which is capable of providing efficient spectral broadening at high input powers. Achieving high powers using ultra-short pulses is relatively easier when compared with the CW laser. The ultra-short pulse power can be boosted to very high level through amplification, ultra-short pulse can be generated through the passive mode-locking technique in lasers. In passive mode-locking technique, saturable absorber (SA) is a key component since it plays the role of reshaping the intra-cavity pulses by cleaning up both the pulse leading and trailing edges [3] . In this experiment, we used carbon-nanotube (CNT) based SA (CNT-SA) as mode-locking passive component, because of its intrinsic saturable absorption properties along with ultrafast recovery time, cost effective production, ease of fiber integration and wide operation bandwidth [4] . The bandwidth and the quality of the generated SC in the fiber depends upon the pulse characteristics and the region in which it is launched inside the optical fiber. In general, fiber based SC generation operates near zero-dispersion wavelength (ZDW) of the fiber which leads to flat and wide SC generation with minimal fluctuations because of zerodispersion [5] . In this paper, a broadband SC covering a bandwidth of ∼ 1000 nm extending from 1100 nm to 2200 nm around 1.55 μm is demonstrated in highly nonlinear PCF by pumping a femtosecond laser pulse. The femtosecond laser pulse is generated using CNT-based passively mode-locked erbium-doped fiber laser (EDFL). Figure 1 shows the experimental schematic of the passively mode-locked erbium-doped fiber laser which incorporates the CNT-SA as the passive element in the cavity. A 0.6 m-long erbium-doped fiber (EDF) is pumped by a 976 nm laser diode source through a 980/1550 nm wavelength divisionmultiplexing (WDM) coupler. A polarization controller (PC) is inserted in the cavity to adjust and optimize the mode-locking condition. Also, an optical isolator is inserted in the cavity to avoid reflections and to ensure optical signal propagation only in one direction in the cavity. 10% of the optical power is extracted from the cavity through the 90/10 optical coupler as the modelocked pulse laser output. The EDF which is used in this experiment is a commercial product (LIEKKI Er110) with a peak core absorption of 110 dB/m and a mode-field diameter around 6.5 μm at 1530 nm. The modulation depth and the non-saturable absorption of CNT-SA used in this experiment at 1560 nm are 8% and 27% respectively. All the remaining fibers used in the cavity are standard single-mode fibers and the overall length of the cavity is around 5 m. The spectral and temporal characteristics of the mode-locked laser pulse are analysed by optical spectrum analyser (OSA) at a resolution of 0.01 nm using 2 GHz photodetector (PD), and 350 MHz oscilloscope respectively. 
EXPERIMENT AND RESULTS

Figures 2(a) & (b)
show the stable mode-locked pulse output spectrum with centre wavelength of 1565 nm and auto-correlation trace having full-width half-maximum pulse duration (FWHM) of 620 fs with repetition rate of 18 MHz. To ensure high input power to the highly nonlinear PCF, which is essential to introduce spectral broadening inside PCF through nonlinear phenomena, the 10% output mode-locked pulse power is amplified using commercially available pulsed EDFA. The characteristics of the highly nonlinear PCF used in this experiment are of length 60 meters, dispersion of −0.5 ps/(nm · km), numerical aperture (NA) of 0.4 and a loss (α) < 9 dB/km at 1550 nm and a Kerr nonlinearity co-efficient of γ > 11 (W · km) −1 . The femtosecond pulse power is amplified in steps and launched into 60 m length of highly nonlinear PCF. The spectral evolution of the femtosecond pulse inside the PCF w.r. to the different input power levels is measured and analysed using optical spectrum analyser (OSA). Figure 3 shows the measured output supercontinuum spectrum of 60m length highly nonlinear PCF at different input power levels. From the figure it is clear that the spectrum broadens on both sides the center wavelength (∼ 1565 nm) of seed pulse with the increase of input power level. The supercontinuum is symmetric about the center wavelength of the seed pulse which means that the nonlinear phenomena, i.e., self-phase modulation (SPM) plays a dominant role in the spectral broadening processes. The loss experienced by the amplified pulse inside the 60 m length of the PCF is almost linear and the average loss is about 10 dB. The further observation of SC spectrum inside PCF is limited by the EDFA output power saturation and the limitation of OSA wavelength measurement range. At the available maximum input power to PCF, i.e., at 23 dBm, a 1000 nm band of SC extending from 1100 nm to 2200 nm with spectral flatness of < 20 dB is achieved with an output power of 12.5 dBm. 
CONCLUSION
In conclusion, a broadband supercontinuum extending from 1100 nm to 2100 nm inside the highly nonlinear PCF pumped by femtosecond carbon-nanotube-based passively mode-locked erbiumdoped fiber laser is demonstrated successfully. The 620 fs ultra-short laser pulse is achieved through the passive mode-locking in the erbium-doped fiber laser by incorporating CNT as saturable absorber. The pulse power further amplified using commercially available EDFA and observed the spectral evolution inside the PCF at different input power levels.
